Members of the Neisseria genus typically display the ability to carry out denitrification of nitrite to nitrous oxide as an alternative to oxygen respiration when oxygen is depleted. The key enzymes nitrite and nitric oxide reductase are found across the Neisseria genus. Within Neisseria meningitidis, however, a number of research groups have found that a significant proportion of strains lack a functional nitrite reductase. It appears that N. meningitidis is on an evolutionary trajectory towards loss of the capacity to reduce nitrite. In the present paper, I propose that N. meningitidis is evolving to become a nitric oxide-tolerant aerobe in order to occupy an oxygen-rich niche close to host tissue (and hence oxygen perfusion). Other features of the genomic and functional specialization of N. meningitidis, such as possession of a polysaccharide capsule and various acquired reactive oxygen species-resistance mechanisms, support this proposition. The importance of oxygen availability more generally is discussed with reference to recent findings with other mucosal pathogens.
Background to respiratory metabolism and nitric oxide resistance in Neisseria
The genus Neisseria belongs to the class of Betaproteobacteria and contains approximately 20 species, of which two are notorious pathogens and the remainder are harmless commensal organisms. Neisseria meningitidis is a major cause of death worldwide among previously healthy individuals through meningitis and septicaemia [1] . Its closest relative Neisseria gonorrhoeae is a sexually transmitted bacterium that gives rise to hundreds of thousands of new cases of gonorrhoea annually in the U.S.A. alone [2] . The latter rarely causes death, but can give rise to pelvic inflammatory disease and infertility in women [3] . The habitat of the Neisseria species (both the pathogens and the non-pathogens) is typically the epithelial mucosa. N. meningitidis is notable for being capable of causing invasive disease by crossing from the epithelium into the blood and then potentially across the blood-brain barrier into the cerebrospinal fluid, but this is a rare event and appears to be disadvantageous to the bacterium, since it prevents it from disseminating to uninfected individuals.
N. gonorrhoeae is a facultative anaerobe, using denitrification with nitrite as an alternative electron acceptor when oxygen is absent [4] . This process is catalysed by a copper nitrite reductase (encoded by aniA [5] , also known as nirK), which reduces nitrite to nitric oxide, and a quinol-oxidizing nitric oxide reductase (qNor) encoded by norB [6] , which reduces nitric oxide to nitrous oxide. Analysis of commensal Neisseria has also shown that a number of these species express AniA (anaerobically induced protein A) under anaerobic conditions, indicating they too are competent denitrifiers [7] . The distribution of the genes encoding denitrification enzymes among the pathogenic and non-pathogenic Neisseria species was reviewed recently by Barth and colleagues [8] , who revealed that the commensal Neisseria species with available genome sequences at that time (N. lactamica, N. cinerea, N. subflava, N. mucosa, N. flavescens and N. sicca) all contain aniA and norB. We can confirm that Neisseria commensal species sequenced more recently (N. bacilliformis, N. elongata, N. macacae, N. polysaccharea and Neisseria sp. oral taxon 014 str. F0314) all contain both aniA and norB. In addition, all but N. mucosa, N. bacilliformis and N. elongata contain an intact nitrous oxide reductase (Nos) which, in other organisms, reduces nitrous oxide to dinitrogen gas. N. mucosa, N. bacilliformis and Neisseria sp. oral taxon 014 str. F0314 encode a membrane-bound nitrate reductase, for the reduction of nitrate to nitrite. Thus it appears that the commensal Neisseria species are competent for denitrification and, in fact, typically have a greater capacity for denitrification than the pathogenic Neisseria species which lack nitrate and nitrous oxide reductases.
N. meningitidis strain MC58 reduces nitrite to nitrous oxide via AniA and qNor, and this process supports growth of the bacteria under oxygen-limited conditions [9, 10] . Beyond helping to support growth of N. meningitidis under oxygenlimited conditions, the qNor provides resistance to external nitric oxide, which enables the bacteria to persist in macrophages and in nasopharyngeal organ culture [11] and has an impact on nitric oxide-dependent signalling processes such as cytokine release and apoptosis in host tissue [12, 13] . The presence or absence of aniA confers no measureable effect on the survival of N. meningitidis in the tissue culture models that we have used (J.W. Moir and R.C. Read, unpublished work).
Evidence for changing genetic composition with respect to denitrification in Neisseria
Evidence has emerged from a number of sources that, whereas aniA is highly conserved among Neisseria species and is present in some strains of N. meningitidis, pseudogenization of aniA is frequently observed in N. meningitidis, but not other species. aniA sequence diversity in the form of mutations affecting the catalytic domain and/or observed catalytic activity appear to occur in approximately one-third of N. meningitidis isolates ( [14] [15] [16] , and reviewed by Barth [8] ). A large diversity of mutations have arisen, including point mutations that alter amino acids or introduce premature stop codons, frameshifts and large deletions. These occur among diverse strains within N. meningitidis, indicating that there is an evolutionary pressure to remove aniA. Interestingly, norB appears to be maintained among all strains so far tested. These findings, based on gene sequencing and analysis, are supported by old evidence based on the capacities of N. meningitidis and N. gonorrhoeae strains to reduce nitrite. Whereas >200 strains of N. gonorrhoeae were shown to be competent for anaerobic growth with nitrite in a 1984 study [4] , many N. meningitidis strains were shown to be incapable of nitrite reduction during a study in 1986 [17] .
In addition to the enzyme responsible for nitrite reduction, we have considered the pathway(s) utilized for transfer of electrons from the respiratory chain to the nitrite reductase. A sole membrane-associated di-haem protein (cytochrome c 5 ) appears to be responsible for all electron flow to nitrite reductase in N. meningitidis strains competent for nitrite reduction [18] . In N. gonorrhoeae, however, a second route for electron flow is available in the form of a cytochrome c-containing domain of the oxygen-reducing enzyme cytochrome cbb 3 [19, 20] . In N. gonorrhoeae (and the commensal Neisseria), the electron-input subunit of this enzyme, subunit III encoded by ccoP, contains three cytochrome c-containing domains, the third one of which is a Neisseria genus-specific adaptation. This third domain is absent from ccoP in N. meningitidis. This distinction between N. meningitidis and all of the other strains of Neisseria has been tested with a large number of isolates, and it is quite clear that this is a species-level distinction caused by a single nucleotide polymorphism, present in all N. meningitidis strains, that introduces a stop codon meaning that the third haem domain is absent from N. meningitidis CcoP [19] . In N. gonorrhoeae, electrons can be transferred to nitrite reductase via either cytochrome c 5 or the tri-haem CcoP, but a strain lacking both is incapable of nitrite reduction [19] . This distinction between N. meningitidis and the rest of the Neisseria species gives further support for the notion that nitrite reduction is of less use to this species than to the other members of the Neisseria genus.
Further evidence that N. meningitidis is not adapted for life in the absence of oxygen comes from the observation that N. meningitidis appears to be unable to grow as a truly facultative anaerobe [10] . Although the molecular basis for this distinction between N. meningitidis and N. gonorrhoeae (which is a genuine facultative anaerobe) is not yet determined, the observation nonetheless supports the notion that N. meningitidis is in the process of discarding the anaerobic respiratory lifestyle.
What is the cost of maintaining aniA to the N. meningitidis cell? The metabolic burden associated with maintaining the gene for aniA and occasionally expressing the protein under oxygen-limited conditions in the presence of appropriate other environmental cues (nitrite, nitric oxide or iron [10, 21, 22] ) would appear to be small. However, the product of nitrite reduction (nitric oxide) is highly toxic, and the regulatory circuitry in N. meningitidis is organized such that nitric oxide accumulates immediately following the switch from aerobic to anaerobic conditions [10] and this can reach high, potentially toxic, concentrations before nitric oxide reductase expression is sufficiently induced. During laboratory culture of N. meningitidis, cultures can be switched from aerobic to denitrifying conditions by including nitrite in the medium, and allowing the cells to consume the available oxygen by limiting oxygen diffusion into the cultures. Under these conditions, it is observed that N. meningitidis frequently fail to make an effective transition to growth under micro-oxic conditions (Figure 1 ). This failure to thrive is variable between essentially identically inoculated samples, indicating that the transition from aerobic to denitrifying growth is complex and unstable. In the absence of nitrite, or in mutants with constitutively produced nitrite and nitric oxide reductases or in aniA mutants, cultures behave consistently, and continue to grow (either via denitrification in the aniA/norB-overexpressing strains, or by oxygen-limited growth in the aniA mutants or in the absence of nitrite). The most likely explanation for the difficulty in making the transition from aerobic growth to denitrification is the variable transient accumulation of nitric oxide [10] .
N. meningitidis is becoming an aerobe
Ancestral Neisseria species are notably adapted for a microaerobic/nitrite-reducing lifestyle. The only respiratory oxygen-reducing enzyme identifiable in any of the species belonging to the Neisseria genus is the cytochrome cbb 3 , which is typically associated with growth under microaerobic conditions and has an extremely high affinity for oxygen [23] [24] [25] . Furthermore, cbb 3 has the genus-specific adaptation of containing an extra haem domain, which acts as a conduit for electrons to nitrite reductase (as discussed in the previous section).
N. meningitidis is distinct from other members of the same genus in that some strains of this species have lost the ability to reduce nitrite in denitrification and all strains lack the electron-transfer pathway from the cytochrome cbb 3 oxidase to nitrite. Thus N. meningitidis seems to be in the process of losing the ability to denitrify and is better adapted to a more aerobic niche (at least partly) due to geneloss processes associated with nitrite reductase itself and an electron-donation pathway to this enzyme. Is this genomic shift of N. meningitidis away from nitrite reduction and towards committed oxygen respiration associated with other aspects of the lifestyle of N. meningitidis? In particular, does a shift towards an aerobic lifestyle tell us anything about the propensity for N. meningitidis to be a pathogen? There are a number of genomic distinctions between N. meningitidis and other Neisseria species that provide further support that the species is adapted to an environment with different properties with relation to oxygen and/or redox state. Specifically, N. meningitidis contains: (i) a gene predicted to encode a periplasmic copper/zinc superoxide dismutase (sodC), which has been demonstrated to confer resistance to superoxide and support meningococcal survival in a mouse intraperitoneal infection model [26] , (ii) a gene for a glutathione peroxidase (gpxA) [27, 28] , and (iii) three genes for thiol:disulfide reductases (dsbA) [29] . These genes appear to be involved in resistance to oxidative stress/ROS (reactive oxygen species) management, and indicate that the meningococcal environment is more rich in ROS than that of other commensal Neisseria species. Other distinctive features of N. meningitidis that may be related to it living in an environment with greater host immune surveillance include the possession of a polysaccharide capsule (specific to N. meningitidis) and expression of IgA protease (found in N. meningitidis and N. gonorrhoeae, only partial sequences found in commensal strains). Furthermore, the capacity of Neisseria to carry out phase and antigenic variation of surface antigens (such as pili) appears to be more extensive in the pathogenic Neisseria compared with the commensal species [30] . These properties of N. meningitidis are important factors in enabling meningococcal virulence (invasive disease), but we argue that their primary role in the lifestyle of N. meningitidis is in allowing the organism to occupy an oxygenrich niche close to the surface of the epithelia in the upper respiratory tract (sites which are more extensively patrolled by macrophages). It is frequently argued that N. meningitidis is an 'accidental pathogen' since it gains no apparent benefit in causing invasive disease. We agree with this notion, but add that the possession of an armoury of responses to the host's immune response (which just happens to help enable the bacterium to cause devastating invasive disease) exists to protect the survival of the bacterium as it tries to exploit what is a high risk/high reward natural habitat, i.e. the oxygenrich zone adjacent to the host tissue that is spurned by true commensals in favour of a safer, but less oxic, environment in the mucosa (Figure 2 ).
An alternative argument to explain the shift to aerobic lifestyle of the meningococcus runs as follows. In N. gonorrhoeae biofilms, up-regulation of aniA and norB is observed [31] . Biofilms contain a high population of bacteria, and so a low concentration of available oxygen would be expected due to the aerobic respiratory activity of the bacterial cells, consistent with the expression of the denitrification reductases. N. meningitidis also can exist in biofilms [32, 33] , but it is notable that, for N. meningitidis, the capsulated form has a much lower propensity for biofilm formation than acapsulate N. meningitidis. Thus N. meningitidis (which alone among Neisseria species possesses a polysaccharide capsule) may often be found in a capsulated planktonic/low-population-density state under which conditions oxygen may be readily available and aniA and norB are unnecessary for survival. Furthermore, it is notable that there is rapid phase variation between the acapsulate state (tendency to form static biofilms, with limited oxygen availability) and the capsulate state (tendency to disseminate, with plentiful oxygen and low population density), and it is probable that part of the cost of maintaining aniA is due to the dynamic and unstable nitric oxide accumulation that can occur during the switch from aerobic to anaerobic conditions (see above). Thus losing the ability to reduce nitrite may be an important step in enabling N. meningitidis to switch effectively between a static biofilm-forming state and a disseminative (capsulated) state. This may be important for the ability of N. meningitidis to spread rapidly in human populations, a factor which is incidentally relevant to its continuing success, despite its tendency to kill its current host (Figure 3) . The two models to explain the role of a change in the respiratory activity of N. meningitidis and how this affects meningococcal lifestyle and virulence (Figures 2 and  3) are not mutually exclusive, and both may contribute to the evolutionary pressure on N. meningitidis to lose nitrite reduction.
Oxygen and other bacterial pathogens
It is evident that an intimate and yet complex relationship between pathogen and oxygen availability and respiratory lifestyle is not confined to N. meningitidis, but is seen in several other pathogens too. This is highlighted particularly well by recent work with two enteric pathogens, Shigella flexneri and Salmonella enterica.
Marteyn et al. [34] showed that secretion of virulence factors via the type 3 secretion system that is crucial for S. flexneri virulence is regulated by oxygen availability via the transcriptional regulator FNR (fumarate and nitrate reductase regulatory protein). Under anaerobic conditions (present in the gut lumen), type 3 secretion needle complexes are generated, but FNR represses spa32 and spa33 which regulate secretion. Under aerobic conditions (which are present close to the gut epithelial cells), repression is relieved and the type 3 secretion system is able to transfer virulence factors into the host tissue. This acts a spatial regulatory mechanism so that secretion only occurs in close proximity to host cells. In a distinct process, but in a closely related organism, Winter et al. [35] demonstrated the importance of respiratory metabolism for virulence of S. enterica. In this case, the bacterium uses its ability to bring about an oxidative burst in order to cause the host to oxidize thiosulfate to tetrathionate, which S. enterica can subsequently use as a respiratory electron acceptor. This process not only provides a useful source of electron acceptor for Salmonella (in the absence of sufficient molecular oxygen), but also allows it to out-compete the other gut microflora. Other effects of oxygen/anaerobic metabolism on bacterial virulence determinants have been observed among other bacteria that can behave as mucosal pathgens (e.g. Escherichia coli [36] and Pseudomonas aeruginosa [37] ), indicating that oxygen is a vital environmental cue, and that pathogen lifestyle and virulence is frequently shaped by the relationship between bacterium and oxygen.
